Introduction
============

Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death, and it remains the most common indication worldwide for lung transplantation, accounting for 38% of all lung transplants performed between 1995 and 2013.[@b1-copd-10-2137] However, it remains unclear which patients with COPD will benefit most from lung transplant and at what point in the course of the disease listing should occur. Compared to other diseases for which lung transplant is performed, COPD has a slower rate of progression and less short-term mortality. In the US, lungs are allocated for transplant using the lung allocation score (LAS), which gives priority to patients with higher short-term mortality, thus leading to longer waiting times for patients with COPD. The choice of single vs bilateral lung transplant (SLT vs BLT) has also been debated in the literature, and the results are conflicting. In this review, we will discuss the measures used to predict mortality in COPD, attempts to use those measures to identify patients who are most likely to benefit from lung transplant, and the optimal timing of listing, choice of procedure, and potential complications from transplantation in this group of patients.

Predicting mortality in patients with COPD: the challenges of identifying prognostic factors
============================================================================================

The natural course of COPD is more protracted than that of other respiratory diseases for which transplants are performed.[@b2-copd-10-2137] For this reason, it is often difficult to determine when in the course of their disease patients with COPD should be listed for lung transplant. Survival after lung transplant remains limited due to chronic lung allograft dysfunction (CLAD),[@b3-copd-10-2137] with a median survival between 5 and 6 years for all patients as well as for those undergoing transplant specifically for COPD.[@b1-copd-10-2137] This time may be shorter than the expected survival without transplant of many patients with COPD, even in the advanced stages. A patient who is listed too early for lung transplant could lose years of life if his/her survival without transplant would exceed the typical survival posttransplant. The longer natural history of COPD has the potential to lead to more deconditioning over time compared to other indications for lung transplant. Hence, waiting too long to transplant allows for progression of debility due to disease and physical deconditioning, which can lead to poor outcomes after transplant. For this reason, an accurate assessment of expected survival is critical to maximizing the benefit of lung transplantation ([Table 1](#t1-copd-10-2137){ref-type="table"}).

Earlier studies assessing mortality in COPD focused on single measurements, in particular the degree of airflow obstruction measured by the forced expiratory volume in 1 second (FEV~1~). An early study by Traver et al showed FEV~1~ post-bronchodilator as the most significant predictor of mortality in patients with COPD.[@b4-copd-10-2137] Patients with an FEV~1~ \<30% of predicted were found to have survival rates of 65% and 30% at 2 and 5 years, respectively. Due to this and other observations, an FEV~1~ \<30% was considered to be a threshold at which to consider listing for lung transplant. Later studies,[@b5-copd-10-2137] particularly those which included patients with more advanced COPD, have shown that FEV~1~ can be a fairly weak predictor of mortality and other factors should be considered. A low FEV~1~ is perhaps the most common reason for referral to a lung transplant center, but in itself is insufficient to identify which COPD patients will benefit from lung transplant.

Highlighting the need to look beyond the FEV~1~, Martinez et al identified several physiologic factors which were independent predictors of mortality in the medical therapy arm of the National Emphysema Treatment Trial (NETT), which included 609 patients with advanced emphysema.[@b6-copd-10-2137] Independent predictors of mortality included older age, supplemental oxygen use, lower hemoglobin, higher residual volume, lower CO diffusing capacity, lower maximal exercise capacity, and lower lobe-predominant emphysema. Interestingly, FEV~1~ did not have a significant association with mortality in the multivariate analysis, perhaps due to the fact that FEV~1~ was severely reduced in most patients and therefore lost its discriminatory ability. This finding also applies to patients with COPD being evaluated for lung transplant since the majority will have a low FEV~1~.

Gas exchange has also been evaluated as a prognostic factor in COPD, but the association has been variable. A French study sought to evaluate hypoxemia as a predictor of mortality in COPD patients on home oxygen.[@b7-copd-10-2137] Only patients with an arterial oxygen tension (PaO~2~) \<50 mmHg had significantly worse survival compared to the rest of the cohort of COPD patients on oxygen, which highlights the difficulty of using hypoxemia, except at the extreme end, to stratify patients with COPD. Hypercapnia may be a more robust predictor of mortality. Elevated arterial CO~2~ tension (PaCO~2~) levels have been shown to have a stronger association with mortality in COPD, though this too has been variable.[@b8-copd-10-2137],[@b9-copd-10-2137] A recent Swedish study by Ahmadi et al attempted to clarify the effect of hypercapnia on mortality in a national registry of COPD patients on long-term oxygen therapy.[@b8-copd-10-2137] In keeping with prior studies which have shown either hypo-[@b10-copd-10-2137],[@b11-copd-10-2137] or hypercapnia[@b12-copd-10-2137] to be a risk factor for increased mortality, Ahmadi et al found that the association between PaCO~2~ and mortality was U-shaped, with the lowest mortality at a PaCO~2~ of about 49 mmHg.[@b8-copd-10-2137] Increased mortality was seen at PaCO~2~ levels \<37.5 and \>52.5 mmHg. The increased minute ventilation in COPD patients with hypocapnia may lead to respiratory muscle fatigue and failure, a finding that may reflect incapacity to adapt the breathing pattern to avoid fatigue. Furthermore, hypocapnia may foreshadow congestive heart failure or pulmonary embolism. The level of PaCO~2~ has a significant impact on the selection of lung transplant candidates, as hypercapnia is often used to identify patients who have reached the point of needing a transplant, and it is used in the calculation of the LAS, with higher PaCO~2~ leading to higher scores.

Subjective and objective assessments of dyspnea and functional capacity have been used to identify COPD patients with a higher risk of dying that may benefit from lung transplant. A Japanese cohort study followed 183 patients with COPD and evaluated dyspnea and FEV~1~ as predictors of 5-year survival.[@b13-copd-10-2137] The authors found that dyspnea, as measured on a five-point scale,[@b14-copd-10-2137] was more closely associated with mortality than the American Thoracic Society (ATS) staging of COPD severity by FEV~1~.[@b15-copd-10-2137] More recently, Wilke et al[@b16-copd-10-2137] found that a decreasing functional status by St George's Respiratory Questionnaire (SGRQ), COPD-specific version (SGRQ-C), which includes symptoms, activity level, and impact on life, was significantly associated with 2-year mortality. Although dyspnea and functional status are useful in predicting prognosis, they are subject to the patients' perceptions, which may vary in different populations.

A more objective measure of functional status is exercise capacity that can be assessed with cardiopulmonary exercise testing (CPET) or the 6-minute walk test (6MWT). Oga et al[@b17-copd-10-2137] found that exercise capacity as measured by peak oxygen uptake (VO~2~ max) during CPET was more strongly associated with 5-year mortality than FEV~1~. A later study by Yoshimura et al confirmed the mortality risk conferred by a low VO~2~ max, and identified increased hypoxemia, acidosis, and sympathetic activity during CPET as additional risk factors.[@b18-copd-10-2137] CPET presents logistical difficulties as it requires specialized equipment, trained personnel, and expertise in interpreting studies. The simpler and readily available 6MWT also provides objective information about functional capacity, and though not as detailed as CPET, it has been shown to be useful in many cardiopulmonary diseases. Cote et al[@b19-copd-10-2137] showed that CPET and the 6MWT had a modest correlation and, more importantly, both low VO~2~ during CPET and decreased 6-minute walk distance (6MWD) were associated with mortality during the follow-up period, which averaged 5.5 years. Casanova et al also looked at 6MWD and pulse O~2~ desaturation during the 6MWT, and both were more closely associated with mortality than FEV~1~.[@b20-copd-10-2137] Interestingly, the 6MWT performed better in patients who had an FEV~1~ \<50% of predicted, thus showing its ability to distinguish patients with advanced obstruction at a higher risk of dying.

Pulmonary hypertension (PH), particularly of the precapillary type (mean pulmonary artery pressure \[mPAP\] ≥25 mmHg and pulmonary artery wedge pressure ≤15 mmHg),[@b21-copd-10-2137] is prevalent in patients with advanced COPD, and, when severe, can help identify patients at a higher risk for death. Several studies have shown an association between cor pulmonale or PH and mortality in COPD patients.[@b4-copd-10-2137],[@b22-copd-10-2137],[@b23-copd-10-2137] A retrospective review of data from 4,930 patients listed for lung transplant who had right heart catheterization found that 30% had precapillary PH, and an additional 17% of patients had postcapillary PH (mPAP ≥25 mmHg and pulmonary artery wedge pressure \>15 mmHg).[@b23-copd-10-2137] Both groups of patients had increased mortality. Hurdman et al[@b24-copd-10-2137] identified from the ASPIRE registry 101 COPD patients with PH and noted that severe PH (mPAP \>40 mmHg) was significantly associated with increased mortality at both 1 and 3 years. The 3-year mortality in COPD patients with severe PH was 67%, as opposed to 45% for those with less severe PH (mPAP 25--39 mmHg). These data suggest that patients with severe PH clearly have shorter expected survival and should be considered for transplant.

In light of the limitations of any one parameter to predict mortality in patients with COPD, multivariate approaches have become available. Perhaps the best known and most widely used remains the body mass index (BMI), obstruction, dyspnea, and exercise capacity (BODE) index, developed by Celli et al.[@b25-copd-10-2137] The BODE index combines BMI, FEV~1~, the Modified Medical Research Council dyspnea scale, and 6MWD into a weighted 10-point score. Patients with COPD and a BODE score of 7--10 had a mortality of 80% at 52 months, whereas patients with the most severe airflow obstruction by ATS criteria (FEV~1~ \<35% of predicted)[@b15-copd-10-2137] had a mortality of 55%. Considering that lung transplantation has an average survival of approximately 5--6 years, the BODE index would appear to better identify COPD patients that would benefit from this intervention. In addition, acute exacerbations of COPD, particularly those requiring hospitalizations, are also associated with mortality, and combining this information with the BODE index can add to its predictive value.[@b26-copd-10-2137]

Outcomes after lung transplant: is there a survival benefit?
============================================================

Predicting mortality is critical in determining which patients may potentially benefit from lung transplantation, but it is only the first step. Selection is further complicated by the fact that many of the factors which are related with mortality in patients with COPD can also be associated with poor outcomes after transplant. For example, physical deconditioning can lead to reduced 6MWD and predispose to worse outcomes after transplant. Low BMI, which is a component of the BODE index, has been associated with shorter survival after lung transplant.[@b27-copd-10-2137] The challenge is to identify those COPD patients with advanced disease that will recover after lung transplant to achieve both a survival and quality-of-life benefit with this treatment.

The LAS was implemented in 2005 in response to a mandate that all organs be allocated in a manner which reduces wait times, and allocates according to medical urgency.[@b28-copd-10-2137] This system seeks to determine a survival benefit 1 year after lung transplant by calculating the difference between the 1-year survival on the wait list (ie, without a transplant) and 1-year survival after transplant.[@b29-copd-10-2137] In order to meet the expectation of reducing wait times and allocating organs to those in the most need, the wait list survival is weighted twice in the calculation of the score. The use of 1-year survival in the calculation of the LAS has a unique impact on patients with COPD. As previously described, the mortality in COPD is seen beyond 1 year, hence COPD patients will not receive priority given that the 1-year survival is better than that of other diseases such as pulmonary fibrosis. Additionally, the LAS does not take quality of life into account, and considering that the survival in lung transplant is relatively disappointing, improvement in quality of life is an important consideration when deciding who should be transplanted.[@b30-copd-10-2137] The equity, fairness, and utilitarianism of this system continue to be debated.

Although some investigations have shown that transplantation in COPD does not lead to a survival benefit,[@b31-copd-10-2137]--[@b33-copd-10-2137] they studied populations with overall outcomes that are slightly worse than the current state. They do, however, highlight the need to identify the subsets of patients with COPD who stand to benefit most from transplant. Thabut et al used the United Network for Organ Sharing database and simulations to estimate the survival impact of lung transplant.[@b34-copd-10-2137] They found that 79% of patients with an FEV~1~ \<16% of predicted will gain at least 1 year of survival after transplant, but only 11% of patients with an FEV~1~ \>25% will do so. The systolic pulmonary artery pressure, FEV~1~, BMI, 6MWD, need for continuous mechanical ventilation or supplemental O~2~, and functional class (scored 1--4) affected the survival benefit.

In order to further help identify which COPD patients could benefit from lung transplant, Lahzami et al calculated the BODE index score before transplant on 54 lung transplants performed for COPD.[@b35-copd-10-2137] The authors found that most patients transplanted outlived their predicted survival by the BODE score and noted that a survival benefit 4 years after transplant was only evident in patients with BODE ≥7. The finding of survival benefits being limited to patients in the highest BODE quartile (≥7) was confirmed in an analysis by Cerón Navarro et al on 107 patients transplanted at a single Spanish center.[@b36-copd-10-2137]

Other studies have addressed the specific questions of outcomes after transplantation for COPD, including mortality as well as incidence of complications such as primary graft dysfunction (PGD), acute rejection, and chronic rejection or bronchiolitis obliterans syndrome. Tanash et al reviewed a cohort of patients transplanted in two centers in Sweden.[@b37-copd-10-2137] Patients transplanted for COPD had a median survival of 9 years. Though the authors did not set out to make this claim, based on the BODE index, FEV~1~, and 6MWD, the observed median survival would most likely exceed that expected of this population without transplant. Interestingly, patients with alpha-1 antitrypsin deficiency (A1ATD) had better survival compared to those with smoking-related emphysema without A1ATD. Improved outcomes in patients with A1ATD as compared to patients with emphysema from other causes are also seen in the International Society for Heart and Lung Transplant (ISHLT) registry.[@b1-copd-10-2137] Zeriouh et al[@b38-copd-10-2137] sought to study the consecutive outcomes of 88 patients undergoing lung transplant for COPD, excluding patients with A1ATD. They noted a 6-year survival of 57%, which is comparable to described registry outcomes.[@b1-copd-10-2137] Interestingly, they observed significantly less PGD, which could be explained in part by a trend toward less use of cardiopulmonary bypass in patients with emphysema as opposed to patients with other indications for lung transplant (63% vs 75%).

Recent studies have also identified factors which could have a negative effect on outcomes of lung transplant for COPD. In an analysis of outcomes from 108 recipients undergoing lung transplant for emphysema (including A1ATD), Inci et al found that age ≥60 years at the time of transplant was associated with reduced 1- and 5-year survival (91% vs 79% and 84% vs 54%, respectively).[@b39-copd-10-2137] In addition, patients 60 years or older accounted for more cases of early CLAD than younger subjects. Advanced age has been shown to negatively affect long-term outcomes in patients with other diseases,[@b40-copd-10-2137] and in COPD, where the survival benefit is often seen later after transplant, this is particularly noteworthy.

PH, as described above, is associated with increased mortality from COPD. It is however, also associated with increased complications of lung transplant such as bleeding and PGD.[@b41-copd-10-2137],[@b42-copd-10-2137] Singh et al addressed the question of whether PH is associated with 1-year mortality after lung transplant in patients with COPD, idiopathic pulmonary fibrosis, and cystic fibrosis.[@b43-copd-10-2137] Although patients with COPD had a lower incidence of PH, the relative risk of mortality at 1 year after transplant was increased significantly in COPD, but not for the other diseases. The difference could be due to the fact that PH is found in the patients with advanced COPD who may have additional comorbidities and more physical deconditioning which are known to lead to poor outcomes after transplant.

Older patients are now being transplanted for COPD and other indications. The previously held age cutoff of 65 years is not recognized by many transplant centers, which instead choose to base decisions on "physiologic" age. From 1985 to present, the median age of transplant recipients has increased from 45 to 55 years, and since 2006, approximately 10% of patients transplanted are over the age of 65 years.[@b44-copd-10-2137] This frequency continues to increase every year. However, transplanting older patients means more recipients will have comorbidities with the potential to complicate outcomes. Coronary artery disease (CAD) and osteoporosis are particularly common in older transplant candidates due to a combination of risk factors including age, history of smoking, chronic steroid use, and vitamin D deficiency. While CAD can lead to cardiovascular mortality, several studies have shown that revascularization of coronary disease prior to or concurrent with lung transplant surgery can lead to outcomes comparable to patients without CAD,[@b45-copd-10-2137],[@b46-copd-10-2137] suggesting that CAD amenable to revascularization is not a contraindication to lung transplant. The prevalence of osteoporosis or osteopenia has been shown to be as high as 86% in end-stage lung disease patients being evaluated for lung transplant,[@b47-copd-10-2137] and fragility fractures are common in these patients.[@b48-copd-10-2137] Patients with COPD, particularly those with chronic glucocorticoid use, are particularly at risk. As with CAD, osteoporosis is a potentially manageable comorbidity. Importantly, one or a few comorbidities can be treated with good outcomes, but the cumulative effect of many can lead to shortened survival or impaired quality of life after transplant.

Referral and listing for lung transplant
========================================

In 2014, ISHLT released new guidelines for selection of lung transplant candidates.[@b49-copd-10-2137] Referral to a transplant center was recommended for COPD patients who demonstrate progressive disease despite maximal therapy, are hypercapnic (\>50 mmHg) or hypoxemic (\<60 mmHg), or have an FEV~1~ \<25% of predicted. The BODE index is suggested as a threshold for referral (a score of 5--6) and listing (a score of ≥7). The presence of severe PH is also recommended as a criterion for listing, given its association with mortality. Exacerbations are associated with mortality in COPD, particularly in patients who have more than three hospitalizations for this reason in 1 year. Accordingly, ISHLT guidelines recommend listing for patients with three or more exacerbations requiring hospitalizations or just one exacerbation when associated with hypercapnic respiratory failure.

Although patients meeting the above criteria are thought to derive a survival benefit from transplant, they are in most cases likely to receive a low priority on the list. Although PaCO~2~ and pulmonary artery pressures are used in determining the LAS, other factors such as frequency of exacerbations, FEV~1~, and degree of dyspnea are not included. In many US centers that routinely perform transplants on higher risk patients, this could result in long waiting times for patients with COPD. As the time from listing to transplant is being evaluated as a quality metric by third-party payers, this may impact how centers choose to time the listing for transplant.

A1ATD and transplant
====================

Patients who have A1ATD are likely to have a different phenotype of emphysema from most patients with typical emphysema from smoking. They tend to present with advanced disease at a younger age, and hence may reach the point of requiring transplant sooner than patients with emphysema from other etiologies. This may be an advantage if they are transplanted at a younger age with fewer comorbidities and less physical deconditioning. Patients with A1ATD made up 6% of those patients transplanted between 1995 and 2012, as compared to 33% with COPD not associated with A1ATD.[@b1-copd-10-2137] The recommendations for selecting patients for listing with A1ATD are not different from those for patients with other forms of COPD. In fact, the BODE index demonstrates a similar ability to predict mortality in patients with A1ATD as it does with patients with COPD who are alpha-1 replete.[@b50-copd-10-2137] The management of patients with A1ATD after transplant is no different from that of other patients with emphysema. Banga et al compared 45 patients with A1ATD undergoing lung transplantation with 231 A1AT-replete patients with emphysema.[@b51-copd-10-2137] They found no difference in overall rate of FEV~1~ decline after transplant or in frequency or severity of episodes of acute cellular rejection. Although there are biologic mechanisms proposed by which A1AT could modify pathways leading to development of CLAD,[@b52-copd-10-2137] there is no definitive evidence to support the use of augmentation in patients who have been transplanted, and the debate about the utility of this costly therapy continues.

Management of patients undergoing evaluation and listing for transplant
=======================================================================

Waiting times for lung transplant are likely longer for patients with COPD. This brings up the question of how best to maintain patients' fitness for transplant and how to potentially delay the need for lung transplant and increase overall survival. Pulmonary rehabilitation is known to improve exercise capacity and quality of life and reduce exacerbations. It has been shown to also be of benefit to patients awaiting lung transplant.[@b53-copd-10-2137],[@b54-copd-10-2137] A Toronto, Canada group demonstrated that patients undergoing pulmonary rehabilitation before transplant maintained their 6MWD and that a higher 6MWD led to a shorter hospitalization after transplant.[@b54-copd-10-2137] Therefore, patients with COPD who are listed for lung transplant should remain in pulmonary rehabilitation to preserve their physical conditioning and optimize their posttransplant potential for recovery.

Unfortunately, alternatives to lung transplant for any end-stage lung disease, including COPD, are rare. Lung volume reduction (LVR), either surgical (LVRS) or endoscopic, offers the possibility of improved quality of life by increasing exercise capacity and decreasing dyspnea. In a large randomized trial, patients with poor exercise capacity and predominantly upper-lobe emphysema had improvements in exercise capacity as well as survival.[@b55-copd-10-2137] The effect of LVRS on outcomes after subsequent lung transplant is a source of debate. Nathan et al demonstrated that patients undergoing LVRS prior to lung transplant had no difference in the need for reoperation, hospital length of stay, or survival after transplant.[@b56-copd-10-2137] A more contemporary study found that patients undergoing prior LVRS had significantly worse posttransplant survival than those undergoing transplant alone.[@b57-copd-10-2137] These conflicting findings make it difficult to offer LVRS to patients who are expected to require lung transplant eventually.

A multicenter European trial has shown that endoscopic LVR can improve SGRQ results and 6MWD in selected patients with emphysema,[@b58-copd-10-2137] suggesting it may offer a less invasive therapy with a reduced number of complications. A single-center German study has shown that patients undergoing endoscopic LVR prior to transplant do not experience worse outcomes after transplant.[@b59-copd-10-2137] Endoscopic LVR is still not approved in the US, but is currently being evaluated in randomized controlled trials (LIBERATE: NCT01796392, RENEW: NCT01608490).

Lung transplantation of critically ill patients is becoming more common. This includes patients who are bridged with either mechanical ventilation or extracorporeal life support (ECLS). Often, patients with COPD who progress to that point have accumulated too much disease burden and are no longer considered candidates. Singer et al used the Organ Procurement and Transplantation Network registry to compare 424 patients transplanted while on mechanical ventilation to propensity-matched patients not receiving this support.[@b60-copd-10-2137] Although early mortality was higher in patients transplanted while on mechanical ventilation, those who survived 6 months had similar long-term outcomes. Patients with COPD and other obstructive lung diseases transplanted while on mechanical ventilation had no difference in survival at any time point when compared to propensity-matched, non-ventilated controls. These results suggest that selected patients with COPD who require mechanical ventilation for bridging can be transplanted successfully.

The use of ECLS to avoid some of the complications of mechanical ventilation such as propagation of lung injury and deconditioning due to sedation or neuromuscular blockade is becoming more frequent.[@b61-copd-10-2137] Although studies of bridging to lung transplant with extracorporeal support do not generally include many patients with COPD,[@b62-copd-10-2137],[@b63-copd-10-2137] there is a growing body of evidence supporting the use of ambulatory ECLS to allow patients to undergo rehabilitation while awaiting transplant. Perhaps due to longer expected waiting times and increased accumulation of comorbidities in patients, ECLS is rarely used in patients with COPD, though it remains an option in selected patients.

Procedure choice: single vs bilateral
=====================================

The choice of SLT or BLT as the optimal procedure for patients with COPD continues to be unclear. Unlike some other indications for transplant such as PH or cystic fibrosis, in COPD, either bilateral or single lung transplantation is a viable option. The main advantages of SLT are resource utilization and access to organs, since one donor can supply two recipients. Therefore, the waiting time for a single lung may be shorter than that for a pair. On the other hand, BLT offers more effective lung tissue and hence more reserve in the event of complications such as acute rejection, pneumonia, or the development of chronic rejection.

In patients with COPD, early studies suggested a benefit of BLT, particularly in younger recipients. Meyer et al performed survival analysis on 2,260 patients receiving a transplant for COPD in the ISHLT/UNOS database. They found that patients ≤60 years had a survival benefit with BLT as opposed to SLT, and that benefit increases further out from transplant.[@b64-copd-10-2137] However, in patients over 60 years, this benefit was not seen, as mortality after BLT increased in that population. Selection bias may confound this study, as SLT is often offered to patients who have comorbidities. Thabut et al later analyzed a larger cohort from the same dataset using propensity-based matching in an attempt to control for indication bias. They found that the mortality in patients receiving BLT was lower than for SLT.[@b65-copd-10-2137] More recently, the question of procedure choice and survival was readdressed by Schaffer et al using patients in the UNOS database who were transplanted in the post-LAS period.[@b66-copd-10-2137] The authors found no survival difference at 5 years for BLT or SLT in patients with COPD, but noted that, if they had extended their analysis to 10 years, they would likely have seen a survival benefit in patients undergoing a BLT.

Patients with COPD receive less priority under the current LAS, therefore patients who are transplanted likely represent a population with more advanced disease, as opposed to before the implementation of the LAS. Patients with more severe disease may be less likely to tolerate a BLT, therefore mitigating the survival benefit seen in earlier studies. In an effort to address the question of whether it is beneficial to accept an offer for a single lung, as opposed to waiting for a pair Wang et al used a sequential stratification method. Whereas accepting a single lung offer conferred a survival for pulmonary fibrosis patients waiting on the list, it did not do so for patients with COPD.[@b67-copd-10-2137] In summary, it is reasonable to consider BLT in younger patients, who are more likely to tolerate that procedure and might expect a longer survival but utilize SLT in older patients who may not tolerate a longer operation or the longer wait times or BLT.

Pitfalls of lung transplantation for COPD
=========================================

Patients with COPD due to smoking and other factors are at increased risk for developing bronchogenic carcinoma. The immune system plays a role in suppressing tumor development, and the use of immunosuppressive therapy for prevention of allograft rejection is associated with an increased risk of malignancy.[@b68-copd-10-2137] Since lung transplant recipients are more heavily immunosuppressed, their higher cancer risk is well described in the literature.[@b69-copd-10-2137] Those undergoing transplant for COPD are particularly vulnerable to developing lung cancer, especially in the case of single lung transplantation where a native smoking-exposed lung is still present.

A higher lung cancer risk was demonstrated by Dickson et al[@b70-copd-10-2137] who reviewed outcomes in 262 patients transplanted at Duke University. In this series, eight out of nine patients who developed primary lung cancer were transplanted for emphysema, and each case of primary lung cancer developed in the native lung of SLT recipients. The prevalence of lung cancer in SLT for COPD was 6.9%, and recipient age and smoking history \>60 pack-years were associated with its development. A Cleveland Clinic (Cleveland, OH, USA) study of 506 patients by Minai et al[@b71-copd-10-2137] found 12 cases of bronchogenic carcinoma, eleven of which developed in patients with emphysema. All but one case were detected in the native lung of SLT recipients.

Yserbyt et al also showed similar occurrence of lung cancer after transplant[@b72-copd-10-2137] and a separate study by the same group noted a significantly increased prevalence in transplant recipients who resume smoking after transplant compared those who do not (10% vs 2%, *P*\<0.021).[@b73-copd-10-2137] A more recent report, by Grewal et al, from Boston, MA, USA, demonstrated a similar prevalence of lung cancer developing post-transplant in patients with idiopathic pulmonary fibrosis and COPD (3.4% and 3.3%, respectively).[@b74-copd-10-2137] Incidentally, one case was noted in a patient undergoing BLT for COPD which was thought to be of recipient origin, arising from the right mainstem bronchus.

Patients developing cancer after transplant had worse survival than non-transplanted lung cancer patients.[@b74-copd-10-2137] This suggests a role of immunosuppression in the development and progression of lung cancer in transplant recipients. Possible management strategies include reduction of immunosuppression, surgery, radiation, or chemotherapy depending on stage. However, treatment with curative intent was rarely successful, even if the patient presented with stage I disease. A common practice in response to a cancer diagnosis is adjustment of immunosuppression, including discontinuing cell cycle inhibitors (usually mycophenolate mofetil). The use of inhibitors of mammalian target of rapamycin (mTOR), including everolimus and sirolimus, may have antineoplastic effects, but this has not been studied in lung transplant recipients who develop lung cancer, and cannot be recommended definitively. While computed tomography screening of at-risk patients in the general population has shown mortality benefit,[@b75-copd-10-2137] there is no such study in lung transplant patients, and the poor outcomes seen for early-stage disease make it difficult to recommend in the absence of evidence.

Native lung hyperinflation (NLH) after SLT for COPD is another potential complication after transplant. This is seen frequently in the early postoperative period with air-trapping in the native lung while the patient is on positive-pressure ventilation. Although common, the clinical significance of NLH is debated. Several studies have demonstrated that even when NLH occurs, it does not significantly impact mortality or morbidity.[@b76-copd-10-2137],[@b77-copd-10-2137] Often, the reason for development of NLH is an underlying pathology of the graft such as PGD or acute rejection. These two conditions lead to increased resistance of the transplanted lung and more air-trapping in the native lung. Treatment options available are independent lung ventilation at the time of transplant or either surgical or endobronchial LVR of the native lung.[@b78-copd-10-2137]--[@b80-copd-10-2137] Apart from a lung-protective ventilation strategy to prevent graft injury and limit hyperinflation by using low tidal volumes with a goal of early extubation and removal of positive pressure, other therapies such as independent lung ventilation and LVR cannot be broadly recommended and should be decided on an individual patient basis.

Conclusion
==========

Although significant advances have occurred in the last few decades, there is still a need for more research to better identify COPD patients who will benefit from lung transplantation and optimize their outcomes.
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###### 

Factors associated with mortality in COPD patients

  ------------------------------------
  Older age
  Lower BMI
  Increasing dyspnea
  Need for supplemental oxygen
  Lower maximal exercise capacity
  Decreased 6MWD
  Lower FEV~1~
  Higher residual volume
  Lower CO diffusion capacity
  Hypoxemia/hyper- or hypocapnia
  Lower hemoglobin
  Predominantly lower-lobe emphysema
  Pulmonary hypertension
  BODE score
  ------------------------------------

**Abbreviations:** 6MWD, 6-minute walk distance; BMI, body mass index; BODE, BMI, obstruction, dyspnea, and exercise capacity; CO, carbon monoxide; FEV~1~, forced expiratory volume in 1 second.
